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Disrupted principal network 
organisation in multiple sclerosis 
relates to disability
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Structural network-based approaches can assess white matter connections revealing topological 
alterations in multiple sclerosis (MS). However, principal network (pn) organisation and its clinical 
relevance in MS has not been explored yet. Here, structural networks were reconstructed from diffusion 
data in 58 relapsing-remitting MS (RRMS), 28 primary progressive MS (PPMS), 36 secondary progressive 
(SPMS) and 51 healthy controls (HCs). Network hubs’ strengths were compared with HCs. Then, PN 
analysis was performed in each clinical subtype. Regression analysis was applied to investigate the 
associations between nodal strength derived from the first and second PNs (PN1 and PN2) in MS, 
with clinical disability. compared with Hcs, MS patients had preserved hub number, but some hubs 
exhibited reduced strength. PN1 comprised 10 hubs in HCs, RRMS and PPMS but did not include the 
right thalamus in SPMS. PN2 comprised 10 hub regions with intra-hemispheric connections in HCs. 
in MS, this subnetwork did not include the right putamen whilst in SpMS the right thalamus was also 
not included. Decreased nodal strength of the right thalamus and putamen from the pns correlated 
strongly with higher clinical disability. these pn analyses suggest distinct patterns of disruptions in MS 
subtypes which are clinically relevant
Multiple sclerosis (MS) is an inflammatory, demyelinating and neurodegenerative disease of the central nervous 
system (CNS)1. Conventional whole brain magnetic resonance imaging (MRI) measures do not necessarily reflect 
processes of brain reorganisation in pathology and poorly reflect the long-term course of the disease2 meaning 
that additional biomarkers for disease progression and treatment effects are needed.
Structural network analysis provides a framework to study whole brain connectivity patterns and their disrup-
tions, incorporating data beyond focal pathology (i.e. lesions). In this approach, grey matter regions are modelled 
as nodes connected by structural pathways known as edges derived from diffusion data. The pairwise connection 
between nodes can be represented in a connectivity matrix and graph theory is applied to quantify differences in 
connectivity patterns in pathology3.
The application of network-based approaches in MS has shown interesting findings. Previous studies demon-
strated that network measures were different between MS patients and controls4–6 or between clinical profiles7,8. 
Additionally, structural network measures were associated with clinical disability9 and lesion load6 and with cog-
nitive deficits4. Interestingly, structural network metrics explained physical disability and cognitive impairment 
over and above non-network measures8 highlighting the clinical relevance of these studies in MS.
Network-based techniques have the potential to not only allow the quantitative characterisation of global 
connectivity patterns but also to provide a framework to elucidate important topological features. For instance, 
studies have identified the existence of a number of highly connected regions, hubs, and how these are affected in 
MS6. It has also been proposed that hub nodes have the tendency to be more densely connected with each other10 
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and in fact such ‘rich-club’ organisation is affected in MS11,12. Despite these promising results, further work is 
needed to gain deeper understanding of the topological alterations occurring in MS.
Recently, a data-driven framework for structural network decomposition has been proposed which provides 
stable, meaningful and reproducible subnetworks with strong internal connectivity13. Briefly, applying the principal 
component analysis-based technique, the full connectivity matrix is decomposed into partial connectivity matri-
ces through linear decomposition. The derived subnetworks, namely principal networks (PNs) are ranked based 
on their internal connectivity such that the first PN (PN1) is the most interconnected subnetwork13. Decomposing 
the whole network into subnetworks may reveal changes otherwise undetected and understanding how these 
are affected in pathology could provide potential biomarkers to monitor disease progression and treatment 
effects. Applications of PNs in MS are yet to be explored.
The aim of this study was (a) to characterise the PNs in MS and (b) to explore their relationships with motor 
disability and information processing speed impairment in a previously studied cohort8.
Methods
participants. This study included 122 MS patients (58 RRMS (40 female, mean age (±SD) 49 ± 12 years), 28 
PPMS (18 female, mean age 46 ± 9 years) and 36 SPMS (28 female, mean age 52 ± 9 years)) and classified based 
on Lublin and Reingold criteria14. Fifty-one HCs (26 female, mean age 41 ± 13 years) not known to have neu-
rological or psychiatric disorder were also examined. Participants underwent MRI assessment and neurological 
assessment using EDSS (Expanded Disability Status Scale)15. Information processing speed capacity was also 
assessed using SDMT (Symbol Digit Modalities Test) in a subset of MS patients (n = 60; eTable 1 Supplemental 
results). Additional information for these patients can be found in the supplemental material. Written informed 
consent was obtained for participation in the study, which was approved by the Institutional Ethics Committee 
of the National Hospital of Neurology and Neurosurgery, University College London Hospital NHS foundation 
trust. All methods were performed in accordance with the relevant guidelines and regulations. Demographics of 
the participants are summarised in Table 1.
MRi data acquisition. MRI data were acquired using a Philips Achieva 3 T MR scanner (Philips Healthcare, 
Best, Netherlands) using a 32-channel coil. The high angular resolution diffusion imaging (HARDI) scan con-
sisted of a cardiac-gated spin-echo (SE) sequence with echo planar imaging (EPI) readout (resolution = 2 × 2 × 2 
mm3, repetition time (TR) = 24000 ms; echo time (TE) = 68 ms; 61 isotropically distributed diffusion-weighted 
directions, b-value = 1200 s/mm2, 7 b = 0 volumes, field of view 112 × 112, number of slices 72). In each subject, 
the following data were also acquired: (1) T1-weighted images acquired using a 3D fast-field echo scan (resolu-
tion = 1 × 1 × 1 mm3, TR = 6.9 ms, TE = 3.1 ms, inversion time (TI) = 824.5 ms) and (2) dual-echo proton den-
sity/T2-weighted axial oblique scans (resolution = 1 × 1 × 3 mm3, TR = 3500 ms, TE = 19/85 ms, field of view 
240 × 180, number of slices 50). All data were acquired with slices aligned with the anterior commissure (AC) – 
posterior commissure (PC) line to minimise the effect of head positioning on data analysis.
Structural imaging processing. Subsequent steps for network reconstruction are reported elsewhere8. 
Briefly, a non-rigid transformation was performed to register the subjects’ non-filled T1-weighted bias-field cor-
rected image to the corresponding diffusion-weighting image (DWI) using BrainSuite v.15b16. The target volume 
was the first b = 0 image after DWI pre-processing, resulting in a structural image of resolution 2 × 2 × 2 mm3. 
T2-hyperintense lesions were manually delineated from the PD-T2-weighted scans using JIM (v6.0, Xinapse 
Systems, Aldwincle, UK), non-rigidly transformed to DWI space and then filled the T1-weighted images using a 
modality-agnostic patch-based method. The filled T1-weighted images were then segmented into different tissue 
types and parcellated according to Desikan–Killiany–Tourville atlas protocol using GIF17,18.
HCs (n = 51) MS patients (n = 122) RRMS (n = 58) PPMS (n = 28) SPMS (n = 36) *P values
Demographics
Age, years 41 ± 13 48 ± 11 42 ± 10 52 ± 9 53 ± 7 p < 0.001a
Gender (M/F) 25/26 36/86 18/40 10/18 8/28 p = 0.06b
Disease duration, years — 15 ± 10 11 ± 8 14 ± 7 22 ± 10 p < 0.001a
% (no) patients of DMTs — 58 (67) 84 (48) 13 (3) 47(16) p < 0.001b
LL (ml) — 14.37 ± 15.92 12.78 ± 15.72 16.56 ± 19.83 15.23 ± 12.73 p < 0.001a
Clinical scores
EDSS, median — 5.5 (0–8.5) 2 (0–7) 6 (3–8) 6.5 (4–8.5) p < 0.001a
SDMT 65.08 ± 8.31 45.50 ± 13.27 51.04 ± 14.28 42.86 ± 9.46 39.00 ± 10.88 p < 0.001a
Table 1. Demographics Of The Study Participants. Abbreviations: HCs = Healthy controls; MS = multiple 
sclerosis; RRMS = relapsing remitting MS; PPMS = primary progressive MS; SPMS = secondary progressive 
MS; DMT = Disease Modifying Treatment; LL = Lesion load; EDSS = Expanded Disability Status Scale; 
SDMT = Symbol Digit Modalities Test; ANOVA = analysis of variance. *P values in bold denote statistical 
significance at p < 0.05; statistical test between the various clinical subtypes and healthy controls where 
applicable. aOne-way ANOVA. bChi Squared test.
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Diffusion-weighted imaging processing and tractogram reconstruction. The mean b0 obtained 
from the extra 7 b0s was registered to the first b0 of the diffusion data. Then, using the obtained transformation, 
we resampled the extra b0s to the DWI space. We then corrected for eddy current, head motion19 and EPI distor-
tions16. We used second order integration over fibre orientation distributions (iFOD2) estimated with constrained 
spherical deconvolution (CSD)20 for probabilistic tractography. 107 streamlines were generated by implementing 
the anatomically constrained tractography (ACT) algorithm21 followed by spherical-deconvolution informed fil-
tering of tractograms (SIFT2)22. Additionally, by providing a white matter mask during tractogram reconstruc-
tion, as part of the ACT step, we ensured that no streamlines were incorrectly terminated in white matter due to 
the presence of lesions8.
Structural network and principal networks reconstruction. For the structural brain network, we 
defined as nodes the cortical and subcortical regions, and as edges the sum of the weights of streamlines con-
necting a pair of nodes resulting in a symmetrical network of 115 nodes22. We generated one brain network per 
subject, estimated the mean connectivity matrix for each group and then defined hubs as regions that exhibited 
higher strength (≥ mean + 1 standard deviation (SD))23. Strength is defined as the sum of all edge weights con-
nected to the node.
For PN estimation, we applied PN analysis to the mean connectivity matrix for each clinical profile using the 
default loading threshold of 0.113. Loadings are the normalised eigenvectors of the connectivity matrix. Their 
magnitude corresponds to the influence of each node to the PN and the sign reflects the sense of their connectiv-
ity, relative to the other nodes. This decomposition method is implemented in TractoR (http://www.tractor-mri.
org.uk)24. The derived subnetworks are ranked based on their internal connectivity such that PN1 is the most 
strongly interconnected subnetwork. We focused on PN1 and PN2 as they have the highest and second highest 
internal connectivity.
To estimate PN specific measures, we used PN1 and PN2 defined in HCs as a basis to estimate the connectivity 
matrices for the HCs and MS subtypes. Effectively, we constructed two symmetrical subnetworks with 10 nodes 
each and then estimated the nodal strengths in each subnetwork.
Statistical analysis. Statistical analysis was performed using R software (https://www.r-project.org/ v3.3.0). 
To explore nodal strength differences between MS patients and HCs we used regression analysis adjusting for 
age, gender, lesion load, disease duration and total intracranial volume (TIV). To evaluate whether the derived 
PNs are clinically relevant we performed a post-hoc analysis on the subnetwork nodal strengths of right putamen 
and right thalamus as they tended to be lost from PN1 and PN2 in MS subtypes. Specifically, multiple regression 
analyses were performed in the whole MS population, in which clinical scores (EDSS or SDMT) were considered, 
in turn, as the dependent variable. As independent variables we included the PN1 or PN2 nodal strengths (sepa-
rately, in different models) together with age, gender, disease duration and lesion load. Because the right putamen 
and thalamus were subcortical regions, deep grey matter volume was also added to the model as a covariate. 
P-values < 0.05 were considered statistically significant. For completion, we also performed an exploratory anal-
ysis by constructing a pairwise univariate association matrix that includes all brain regions belonging to PN1 and 
PN2 and the clinical scores.
Results
network hubs analysis. Table 2 shows the identified network hubs for HCs, RRMS, PPMS and SPMS. 
There were 18 network hubs in HCs and MS subtypes indicating preserved hub nodes and number across all 
groups under investigation. We detected significantly reduced strength in some hubs in MS subtypes. The num-
ber of regions with reduced strength increased in more progressive phenotypes. For instance, compared to HCs, 
in RRMS, 6 hub regions showed decreased strength whereas in SPMS 13 out of 18 regions exhibited statistically 
reduced strength. Also, the deep nuclei showed reduced strength in MS subtypes compared to HCs (Table 2; 
p < 0.05). All models were adjusted for age, gender, lesion load, disease duration and TIV.
principal network analysis. Figure 1A and Table 3 demonstrate PN1 identified in HCs consisted of 10 
regions that are a subset of the previously defined hubs Table 2. Figure 1A shows that the connectivity of PN1 pre-
dominantly includes inter-hemispheric connections with important intra-hemispheric connections. We used the 
same loading threshold (0.1) to identify PN1 in each MS group. In RRMS and PPMS, PN1 is the same as in HCs, 
whereas in SPMS a loss of the right thalamus was detected (Fig. 1A, Table 3 and eFig. e1 Supplemental Results).
Figure 1B and Table 4 show that PN2 in HCs is comprised of 10 brain regions that are very similar to PN1 
with the exception of the right putamen and left thalamus. Specifically, the right putamen is identified as network 
hub in PN2 while the left thalamus no longer qualifies. Additionally, PN2 is comprised of regions with strong 
intra-hemispheric connections (Fig. 1B). In all MS subtypes, this network did not include the right putamen 
compared to HCs, while in SPMS group there was additional loss of the right thalamus (Fig. 1B and eFig. 2 
Supplemental Results).
Associations between nodal principal network strength and clinical scores in multiple sclerosis 
patients. We found that lower strengths of the right thalamus in PN1 (p = 0.014), of the right thalamus in 
PN2 (p = 0.007) and of the right putamen in PN2 (p = 0.006) were associated with higher EDSS score across all 
MS patients (Table 5). Additionally, lower strengths of the right thalamus (p = 0.002) and of the right putamen 
(p = 0.002), both in PN2, were associated with worse (lower) SDMT scores in all patients. There was borderline 
evidence of an association between lower nodal PN1 strength of the right thalamus with lower SDMT (p = 0.081) 
also in all patients. All models were adjusted for age, gender, lesion load, disease duration and deep grey matter 
volume.
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Additional post-hoc exploratory analysis that included all brain regions belong to the PN1 and PN2 showed 
that the higher correlation coefficient between clinical scores disability and brain regions is shown in PN1 right 
thalamus, PN2 right thalamus and PN2 right putamen. (eFig. 3; Supplemental Results).
Discussion
In this study, we first characterised the well-studied network hubs, then evaluated the subnetwork topological 
changes that occur in MS subtypes through PN analysis and whether these changes are clinically relevant. This 
technique decomposes the whole network into subnetworks and ranks them based on their internal connectivity13. 
Here, we focused on PN1 and PN2 as these subnetworks include the most interconnected nodes. The study 
findings show that compared to controls, MS patients had preserved hubs in terms of regions and quantities, but 
reduced strength in some hubs. When we studied the subnetworks, we found that deep grey matter connections 
are affected in MS and their nodal strengths are associated with EDSS and SDMT independently.
Structural network hubs. Within the framework of network science, nodes that are found to have a central 
role in the network are generally referred to as network hubs. In this study, we identified 18 hub nodes, including 
regions from frontal, temporal and parietal lobes and deep grey matter structures. Previous studies using the 
same tractography reconstruction methods showed high overlap of nodes identified as hubs25 despite the usage of 
different parcellation schemes (i.e. Desikan-Killiany vs GIF17,26).
The relevance of network hubs has already been studied in MS. Some nodes exhibited increased strength 
and were hence classified as hubs in MS and not in controls4,6, whilst others showed preserved hub distribution 
in RRMS compared to HCs27. Here, we report relatively preserved hub node and number not only in RRMS but 
also in PPMS and SPMS. When comparing the hubs’ strength between each of MS subtype and HCs we found 
that patients exhibited reduced strength shown in a disease-specific pattern. For instance, in RRMS, a condition 
thought to have less tissue loss than SPMS, reduced strength was detected in a subset of hubs when compared to 
controls whereas in SPMS, which is the condition with a relatively high neurodegenerative component28 reduced 
strength was exhibited in the majority of hubs. A post-hoc analysis showed that reduced strength is associated 
with reduced brain volume (p = 0.034) which further supports our findings.
principal network organisation. PN decomposition is a novel technique that allowed us to disentangle 
the different subnetworks based on the brain’s internal connectivity13. The PN approach allows the researcher to 
delineate the networks into subnetworks in a non-mutually exclusive way13. For example, if a brain node is part of 
one PN, it can also be part of another PN if certain criteria are met. This is the case in biology in which it is known 
that a brain area can be part of more than one network i.e. the thalamus serves as a relay region in the visual and 
Brain region HCs (x105) RRMS (x105) PPMS (x105) SPMS (x105)
Frontal lobe
Right precentral gyrus 3.39 (0.21) 3.34 (0.27) 3.27 (0.24) 3.23 (0.23)
Left precentral gyrus 3.53 (0.23) 3.38 (0.28) 3.36 (0.30) 3.34 (0.32)
Right superior frontal gyrus 3.37 (0.18) 3.22 (0.23) 3.11 (0.26) 3.09 (0.25)
Left superior frontal gyrus 3.28 (0.17) 3.20 (0.26) 3.10 (0.03) 3.13 (0.24)
Right middle frontal gyrus 2.88 (0.20) 2.78 (0.25) 2.75 (0.23) 2.58 (0.22)
Left middle frontal gyrus 3.04 (0.19) 2.92 (0.27) 2.77 (0.23) 2.76 (0.22)
Parietal lobe
Right postcentral gyrus 2.25 (0.10) 2.28 (0.16) 2.20 (0.16) 2.16 (0.18)
Left postcentral gyrus 2.32 (0.12) 2.27 (0.14) 2.31 (0.19) 2.32 (0.18)
Right superior parietal lobule 2.26 (0.10) 2.21 (0.13) 2.09 (0.16) 2.08 (0.15)
Left superior parietal lobule 2.01 (0.10) 1.96 (0.12) 1.93 (0.13) 1.85 (0.11)
Right precuneus 2.20 (0.10) 2.14 (0.13) 2.10 (0.16) 1.98 (0.13)
Left precuneus 2.01 (0.10) 1.95 (0.12) 1.94 (0.13) 1.85 (0.12)
Temporal lobe
Right middle temporal gyrus 2.06 (0.10) 1.96 (0.13) 1.89 (0.12) 1.88 (0.12)
Left middle temporal gyrus 1.85 (0.09) 1.78 (0.12) 1.73 (0.10) 1.74 (0.11)
Subcortical grey matter
Right thalamus 2.67 (0.15) 2.32 (0.02) 2.27 (0.19) 2.08 (0.15)
Left thalamus 2.53 (0.15) 2.22 (0.13) 2.23 (0.17) 2.06 (0.14)
Right putamen 2.34 (0.13) 2.13 (0.12) 2.11 (0.02) 2.03 (0.13)
Left putamen 2.20 (0.09) 2.03 (0.11) 2.04 (0.15) 1.94 (0.13)
Table 2. Network Hubs In Healthy Controls And Multiple Sclerosis Subtypes. Average values and standard 
deviations (SD) of region-specific strength. Bold values represent regions that exhibit significant decrease in 
nodal strength against HCs. The italicized regions are those that belong to the first principal network in healthy 
controls. Abbreviations: HCs = healthy controls; RRMS = relapsing-remitting MS; PPMS = primary progressive 
MS; SPMS = secondary progressive MS. Reproduced from Charalambous44.
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auditory pathways29. The application on HCs demonstrated that hub nodes form specific subnetworks (i.e. PN1 
and PN2) and also there is high overlap of nodes in both subnetworks as assessed qualitatively.
On clinical-radiological grounds (lesion load and EDSS), the progressive MS subtypes (PPMS/SPMS) exhibit 
greater disease burden than the RRMS group although a few RRMS patients have high EDSS due to accrual of 
disability. The SPMS group however showed network differences not apparent in the PPMS group despite similar 
EDSS and lesion load. The SPMS group have reduced PN1/2 size (Fig. 1) and show more nodes with reduced 
strength than PPMS compared to HCs (Table 2). This suggests that there might be subtle differences between 
SPMS and PPMS that manifest after network analysis, but this requires further study with larger cohort numbers. 
Additionally, the right thalamus was not included in SPMS. This is not surprising as there is reduced thalamic 
strength in SPMS compared to HCs (Table 2). Additionally, a further post-hoc analysis showed that smaller deep 
Figure 1. The first and second principal network in healthy controls and multiple sclerosis subtypes. (A) There 
is a loss of the right thalamus in the first principal network in SPMS. (B) For the second principal network, 
there is a loss of the right putamen connections in all MS subtypes, and an additional loss of the right thalamus 
in SPMS. Intensity of the edges’ colour denotes the strength of the connection. Abbreviations: HCs = healthy 
controls; RRMS = relapsing-remitting MS; PPMS = primary progressive MS; SPMS = secondary progressive 
MS. Reproduced from Charalambous44.
1st principal network nodes
HCs RRMS PPMS SPMS
Frontal lobe
Right precentral gyrus Right precentral gyrus Right precentral gyrus Right precentral gyrus
Left precentral gyrus Left precentral gyrus Left precentral gyrus Left precentral gyrus
Right superior frontal gyrus Right superior frontal gyrus Right superior frontal gyrus Right superior frontal gyrus
Left superior frontal gyrus Left superior frontal gyrus Left superior frontal gyrus Left superior frontal gyrus
Right middle frontal gyrus Right middle frontal gyrus Right middle frontal gyrus Right middle frontal gyrus
Left middle frontal gyrus Left middle frontal gyrus Left middle frontal gyrus Left middle frontal gyrus
Parietal lobe
Right postcentral gyrus Right postcentral gyrus Right postcentral gyrus Right postcentral gyrus
Left postcentral gyrus Left postcentral gyrus Left postcentral gyrus Left postcentral gyrus
Subcortical grey matter
Right Thalamus Proper Right Thalamus Proper Right Thalamus Proper
Left Thalamus Proper Left Thalamus Proper Left Thalamus Proper Left Thalamus Proper
Table 3. First Principal Network Nodes In Healthy Controls And Multiple Sclerosis Subtypes. Abbreviations: 
HCs = healthy controls; RRMS = relapsing-remitting MS; PPMS = primary progressive MS; SPMS = secondary 
progressive MS. Reproduced from Charalambous44.
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grey matter atrophy is associated with reduced strength of subnetwork nuclei after controlling for age, gender, 
lesion load and total intracranial volume suggesting that tissue atrophy relates to reduced connections towards 
those deep nuclei atrophy. The findings from the hub approach, looking at the strength of individual nodes, and 
PNs approach, studying the hub connections among each other, are mutually supportive and further strength-
ened by this post-hoc analysis. Also, impaired thalamocortical connections are reported elsewhere30 supporting 
our findings and suggesting that our technique is sensitive to such changes. Although several hypothesis have 
been proposed to explain this loss31, the exact mechanisms are yet to be elucidated.
The study findings show that the right deep grey matter regions are involved in MS subtypes. Recent studies 
have shown asymmetrical damage accumulation32–34. Hand dominance has been suggested to be associated with 
higher lesion in the dominant hemisphere35. Unfortunately, due to the lack of such data we could not assess this 
further.
Other brain organisation features that have been studied in neurological disorders including MS, include 
the rich-club organisation and modularity. The former is the tendency of hub nodes to be more interconnected 
amongst themselves10. Disrupted rich-club organisation was reported in Alzheimer’s disease36 while decreased 
strength within the rich-club was reported in clinically isolated syndrome (CIS)11 and in PPMS12. Recently, it has 
been demonstrated that there are nodes common to PNs and to rich-club organisation37, highlighting that there 
is a subset of nodes with specific role in the network independent of the choice of the decomposition method. 
Modularity describes how well a network is divided into modules, which are nodes that are densely intercon-
nected and have sparse connections to other modules. Network modularity has been recently investigated in 
several functional and structural MS network studies attesting to its clinical relevance5,9,38. Mapping out structural 
linkages of nodes and how these are affected in pathology could serve as a framework to identify subtle subnet-
work changes.
clinical relevance of principal networks. The PNs are relevant to disability. Previous studies have 
reported that loss of thalamus volume increases the risk of EDSS worsening during follow-up28. Here, we showed 
that the connections of the subnetworks of the thalamus are associated with EDSS beyond volume of deep 
nuclei. Similarly, putamen plays a crucial role in MS as putamen atrophy starts directly after initial symptom 
2nd principal network nodes
HCs RRMS PPMS SPMS
Frontal lobe
Right precentral gyrus Right precentral gyrus Right precentral gyrus Right precentral gyrus
Left precentral gyrus Left precentral gyrus Left precentral gyrus Left precentral gyrus
Right superior frontal gyrus Right superior frontal gyrus Right superior frontal gyrus Right superior frontal gyrus
Left superior frontal gyrus Left superior frontal gyrus Left superior frontal gyrus Left superior frontal gyrus
Right middle frontal gyrus Right middle frontal gyrus Right middle frontal gyrus Right middle frontal gyrus
Left middle frontal gyrus Left middle frontal gyrus Left middle frontal gyrus Left middle frontal gyrus
Parietal lobe
Right postcentral gyrus Right postcentral gyrus Right postcentral gyrus Right postcentral gyrus
Left postcentral gyrus Left postcentral gyrus Left postcentral gyrus Left postcentral gyrus
Subcortical grey matter
Right Thalamus Proper Right Thalamus Proper Right Thalamus Proper
Right Putamen
Table 4. Second Principal Network Nodes In Healthy Controls And Multiple Sclerosis Subtypes. Abbreviations: 
HCs = Healthy controls; RRMS = relapsing-remitting MS; PPMS = primary progressive MS; SPMS = secondary 
progressive MS; Reproduced from Charalambous44 with permission.
PN1 nodal strength
Regression 
coefficient
Confidence 
intervals P value
PN2 nodal 
strength Regression coefficient
Confidence 
intervals P value
EDSS
Right Thalamus −2.92 × 10−5 −5.25 × 10
−5 to 
−0.59 × 10−5 0.014
Right Thalamus −2.76 × 10−5 −4.77 × 10
−5 to 
−0.74×10−5 0.007
Right Putamen −4.68 × 10−5 −8.02 × 10
−5 to 
−1.35 × 10−5 0.006
SDMT
Right Thalamus 1.78 × 10−3 −2.27 × 10
−5 to 
3.79 × 10−3 0.081
Right Thalamus 2.88 × 10−4 1.12 × 10
−4 to 
4.64 × 10−4 0.002
Right Putamen 5.05 × 10−4 1.92 × 10
−4 to 
8.19 × 10−4 0.002
Table 5. Multiple Regression Analysis Between Nodal Strengths And Clinical Scores in Multiple Sclerosis 
patients. P values denote statistical significance at p < 0.05. PN = principal network; EDSS = Expanded 
Disability Status Scale; SDMT = Symbol Digit Modalities Test.
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manifestation or even years before and it correlates with EDSS39. In our study, we extended these findings showing 
that subnetwork putamen strength is associated with motor disability beyond deep grey matter volume measures. 
Thus, our results highlight the importance of connection integrity of specific deep nuclei in physical disability 
independently of tissue loss.
The PNs are also relevant to information processing speed performance. The importance of deep grey matter 
volume in cognition is shown elsewhere8,40. The findings presented here highlight that intact connections of 
the second PN thalamus and putamen are important in maintaining information processing speed functioning 
beyond participant’s tissue volume. Pathological features of impaired connections include neuroaxonal damage, 
inflammation and neurodegeneration41. The association between thalamus strength of PN1 was only marginally 
associated with SDMT suggesting that maybe for cognition the PN2 is more sensitive in capturing such changes. 
Future studies could address this.
Limitations and future direction. There is no consensus as to how network hubs are defined23. Here, we 
used strength which has been used before in MS4. Additionally, the derived PNs do not correspond to previous 
work13. However, this could be due to differences in the tractogram reconstruction in which we used CSD, ACT 
and SIFT2 which alter internal connectivity and hence influence the derived subnetworks which are heavily 
dependent on the underlying connectivity. The effect of tractogram reconstruction techniques and PN analysis 
is beyond the scope of this study. Moreover, in this study we used the latest techniques to address reconstruction 
biases as shown previously8. However, histological validations are imperative to make direct links between imag-
ing and pathology. The reduced number of participants with SDMT scores is discussed elsewhere8. Finally, we 
did not perform multiple comparisons correction. However, this is an exploratory study and we therefore believe 
that it is not appropriate to risk missing any significant associations due to conservative post-hoc analyses. Future 
studies could confirm the findings presented here.
Future studies could also assess if hubs are still connected to the same nodes in MS or if their connectivity 
changes. Additionally, hubs and their connections might be particularly vulnerable to pathogenic factors due 
their central role in the network42, therefore future work could study whether there is a higher probability of 
lesions being present in PNs and/or whether the presence of lesions in the PNs is more detrimental for accumula-
tion of disability. Additionally, both putamen and thalamus have shown the strongest volume changes upon treat-
ment43 and hence it will be interesting to investigate how treatment affects PNs and if such changes are clinically 
relevant. Previous studies have suggested that the first two PNs typically capture the major connectivity features 
of the network, but the threshold is ultimately arbitrary. Investigation of more PNs could be addressed in future 
studies. Finally, longitudinal studies could investigate how the patterns of connectivity change over time and if 
they change in the same way in all MS subtypes.
conclusion
In conclusion, we report that network hubs are relatively consistent across the various MS subtypes and in HCs. 
Additionally, a subset of network hubs forms specific PNs and specific nodal strengths within these subnetworks 
are associated with clinical disability and information processing speed dysfunction. These results highlight the 
potential utility of subnetwork-based approaches as imaging biomarkers for disease progression and for assessing 
treatment effects.
Received: 28 October 2019; Accepted: 13 February 2020;
Published: xx xx xxxx
References
 1. Thompson, A. J. et al. Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria. Lancet Neurol. 17, 162–173, https://
doi.org/10.1016/s1474-4422(17)30470-2 (2018).
 2. Fisniku, L. K. et al. Disability and T2 MRI lesions: a 20-year follow-up of patients with relapse onset of multiple sclerosis. Brain 131, 
808–817, https://doi.org/10.1093/brain/awm329 (2008).
 3. Rubinov, M. & Sporns, O. Complex network measures of brain connectivity: uses and interpretations. NeuroImage 52, 1059–1069, 
https://doi.org/10.1016/j.neuroimage.2009.10.003 (2010).
 4. Llufriu, S. et al. Structural networks involved in attention and executive functions in multiple sclerosis. NeuroImage. Clin. 13, 
288–296, https://doi.org/10.1016/j.nicl.2016.11.026 (2017).
 5. Tur, C. et al. A multi-shell multi-tissue diffusion study of brain connectivity in early multiple sclerosis. Multiple sclerosis, 
1352458519845105, https://doi.org/10.1177/1352458519845105 (2019).
 6. Shu, N. et al. Diffusion tensor tractography reveals disrupted topological efficiency in white matter structural networks in multiple 
sclerosis. Cereb. Cortex 21, 2565–2577, https://doi.org/10.1093/cercor/bhr039 (2011).
 7. Pagani, E. et al. Structural connectivity in multiple sclerosis and modeling of disconnection. Multiple sclerosis, 1352458518820759, 
https://doi.org/10.1177/1352458518820759 (2019).
 8. Charalambous, T. et al. Structural network disruption markers explain disability in multiple sclerosis. J. Neurol. Neurosurg. 
Psychiatry 90, 219–226, https://doi.org/10.1136/jnnp-2018-318440 (2019).
 9. Fleischer, F. et al. Increased structural white and grey matter network connectivity compensates for functional decline in early 
multiple sclerosis. Multiple Scler. J. 23, 432–441 (2017). 10.1177/.
 10. van den Heuvel, M. P. & Sporns, O. Rich-club organization of the human connectome. J. Neurosci. 31, 15775–15786, https://doi.
org/10.1523/JNEUROSCI.3539-11.2011 (2011).
 11. Shu, N. et al. Progressive brain rich-club network disruption from clinically isolated syndrome towards multiple sclerosis. 
NeuroImage: Clin. 19, 232–239, https://doi.org/10.1016/j.nicl.2018.03.034 (2018).
 12. Stellmann, J. P. et al. Reduced rich-club connectivity is related to disability in primary progressive MS. Neurol. Neuroimmunol. 
Neuroinflamm 4, e375, https://doi.org/10.1212/NXI.0000000000000375 (2017).
 13. Clayden, J. D., Dayan, M. & Clark, C. A. Principal networks. PLoS one 8, e60997, https://doi.org/10.1371/journal.pone.0060997 
(2013).
 14. Lublin, F. D. & Reingold, S. C. Defining the clinical course of multiple sclerosis: results of an international survey. National Multiple 
Sclerosis Society (USA) Advisory Committee on Clinical Trials of New Agents in Multiple Sclerosis. Neurol. 46, 907–911 (1996).
8Scientific RepoRtS |         (2020) 10:3620  | https://doi.org/10.1038/s41598-020-60611-4
www.nature.com/scientificreportswww.nature.com/scientificreports/
 15. Kurtzke, J. F. Rating neurologic impairment in multiple sclerosis: an expanded disability status scale (EDSS). Neurol. 33, 1444–1452 
(1983).
 16. Bhushan, C., Haldar, J. P., Joshi, A. A. & Leahy, R. M. Correcting Susceptibility-Induced Distortion in Diffusion-Weighted MRI 
using Constrained Nonrigid Registration. Signal Inf Process Assoc Annu Summit Conf APSIPA Asia Pac 2012 (2012).
 17. Cardoso, M. J. et al. Geodesic Information Flows: Spatially-Variant Graphs and Their Application to Segmentation and Fusion. IEEE 
Trans. Med. Imaging 34, 1976–1988, https://doi.org/10.1109/TMI.2015.2418298 (2015).
 18. Prados, F. et al. A multi-time-point modality-agnostic patch-based method for lesion filling in multiple sclerosis. NeuroImage 139, 
376–384, https://doi.org/10.1016/j.neuroimage.2016.06.053 (2016).
 19. Andersson, J. L. & Sotiropoulos, S. N. An integrated approach to correction for off-resonance effects and subject movement in 
diffusion MR imaging. NeuroImage 125, 1063–1078, https://doi.org/10.1016/j.neuroimage.2015.10.019 (2016).
 20. Tournier, J. D., Calamante, F. & Connelly, A. Robust determination of the fibre orientation distribution in diffusion MRI: non-
negativity constrained super-resolved spherical deconvolution. NeuroImage 35, 1459–1472, https://doi.org/10.1016/j.
neuroimage.2007.02.016 (2007).
 21. Smith, R. E., Tournier, J. D., Calamante, F. & Connelly, A. Anatomically-constrained tractography: improved diffusion MRI 
streamlines tractography through effective use of anatomical information. NeuroImage 62, 1924–1938, https://doi.org/10.1016/j.
neuroimage.2012.06.005 (2012).
 22. Smith, R. E., Tournier, J. D., Calamante, F. & Connelly, A. SIFT2: Enabling dense quantitative assessment of brain white matter 
connectivity using streamlines tractography. NeuroImage 119, 338–351, https://doi.org/10.1016/j.neuroimage.2015.06.092 (2015).
 23. van den Heuvel, M. P. & Sporns, O. Network hubs in the human brain. Trends Cognit. Sci. 17, 683–696, https://doi.org/10.1016/j.
tics.2013.09.012 (2013).
 24. Clayden, J. et al. TractoR: Magnetic Resonance Imaging and Tractography with R. JSS (2011).
 25. Yeh, C. H., Smith, R. E., Liang, X., Calamante, F. & Connelly, A. Correction for diffusion MRI fibre tracking biases: The consequences 
for structural connectomic metrics. NeuroImage 142, 150–162, https://doi.org/10.1016/j.neuroimage.2016.05.047 (2016).
 26. Desikan, R. S. et al. An automated labeling system for subdividing the human cerebral cortex on MRI scans into gyral based regions 
of interest. NeuroImage 31, 968–980, https://doi.org/10.1016/j.neuroimage.2006.01.021 (2006).
 27. Shu, N. et al. Disrupted topological organization of structural and functional brain connectomes in clinically isolated syndrome and 
multiple sclerosis. Sci. Rep. 6, 29383, https://doi.org/10.1038/srep29383 (2016).
 28. Eshaghi, A. et al. Deep grey matter volume loss drives disability worsening in multiple sclerosis. Ann Neurol, https://doi.org/10.1002/
ana.25145 (2018).
 29. Sur, M. & Rubenstein, J. L. Patterning and plasticity of the cerebral cortex. Sci. 310, 805–810, https://doi.org/10.1126/science.1112070 
(2005).
 30. Tovar-Moll, F. et al. Thalamic involvement and its impact on clinical disability in patients with multiple sclerosis: a diffusion tensor 
imaging study at 3T. AJNR Am. J. Neuroradiol. 30, 1380–1386, https://doi.org/10.3174/ajnr.A1564 (2009).
 31. Minagar, A. et al. The thalamus and multiple sclerosis: modern views on pathologic, imaging, and clinical aspects. Neurol. 80, 
210–219, https://doi.org/10.1212/WNL.0b013e31827b910b (2013).
 32. Audoin, B. et al. Localization of grey matter atrophy in early RRMS: A longitudinal study. J. Neurol. 253, 1495–1501, https://doi.
org/10.1007/s00415-006-0264-2 (2006).
 33. Preziosa, P. et al. Progression of regional atrophy in the left hemisphere contributes to clinical and cognitive deterioration in multiple 
sclerosis: A 5-year study. Hum. brain Mapp. 38, 5648–5665, https://doi.org/10.1002/hbm.23755 (2017).
 34. Eshaghi, A. et al. Temporal and spatial evolution of grey matter atrophy in primary progressive multiple sclerosis. NeuroImage 86, 
257–264, https://doi.org/10.1016/j.neuroimage.2013.09.059 (2014).
 35. Filippi, M. et al. Does hemispheric dominance influence brain lesiondistributioninmultiplesclerosis? Journal of Neurology, 
Neurosurgery and Psychiatry (1995).
 36. Lee, W. J., Han, C. E., Aganj, I., Seo, S. W. & Seong, J. K. Distinct Patterns of Rich Club Organization in Alzheimer’s Disease and 
Subcortical Vascular Dementia: A White Matter Network Study. J Alzheimers Dis, https://doi.org/10.3233/JAD-180027 (2018).
 37. Powell, E. et al. In International Society of Magnetic Resonance in Medicine (ISMRM).
 38. Gamboa, O. L. et al. Working memory performance of early MS patients correlates inversely with modularity increases in resting 
state functional connectivity networks. NeuroImage 94, 385–395, https://doi.org/10.1016/j.neuroimage.2013.12.008 (2014).
 39. Kramer, J. et al. Early and Degressive Putamen Atrophy in Multiple Sclerosis. Int. J. Mol. Sci. 16, 23195–23209, https://doi.
org/10.3390/ijms161023195 (2015).
 40. Tewarie, P. et al. Functional brain networks: linking thalamic atrophy to clinical disability in multiple sclerosis, a multimodal fMRI 
and MEG study. Hum. brain Mapp. 36, 603–618, https://doi.org/10.1002/hbm.22650 (2015).
 41. Ciccarelli, O. et al. Pathogenesis of multiple sclerosis: insights from molecular and metabolic imaging. Lancet Neurol. 13, 807–822 
(2014).
 42. Crossley, N. A. et al. The hubs of the human connectome are generally implicated in the anatomy of brain disorders. Brain 137, 
2382–2395, https://doi.org/10.1093/brain/awu132 (2014).
 43. Kanber, B. et al. High-dimensional detection of imaging response to treatment in multiple sclerosis. NPJ Digit. Med. 2, 49, https://
doi.org/10.1038/s41746-019-0127-8 (2019).
 44. Charalambous, T. Investigating structural network disruption in multiple sclerosis PhD thesis, University College London (2018).
Acknowledgements
The authors would like to thank Professor David Miller and Dr Nils Muhlert for the recruitment of the 
participants. The experiments reported here also feature in the doctoral thesis of T.C (https://discovery.ucl.
ac.uk/id/eprint/10064039/1/Charalambous%20_thesis.pdf. This research/study/project was funded by the 
UK MS Society (programme grant number 984) (or/and other grants for the future) and supported by the 
National Institute for Health Research University College London Hospitals Biomedical Research Centre. Thalis 
Charalambous is supported by a grant from the Leonard Wolfson Foundation. Ferran Prados is supported by 
a Guarantors of Brain non-clinical postdoctoral fellowship. Carmen Tur has received a post-doctoral research 
ECTRIMS fellowship (2015). Sebastien Ourselin is funded by the National Institute for Health Research 
University College London Hospitals Biomedical Research Centre (NIHR BRC UCLH/UCL High Impact 
Initiative BW.mn.BRC10269) and also receives funding from the EPSRC (EP/H046410/1, EP/J020990/1, EP/
K005278), the MRC (MR/J01107X/1) and the NIHR Biomedical Research Unit (Dementia) at UCL. Claudia 
A.M. Gandini Wheeler-Kingshott has received research grants (PI and co-applicant) from Spinal Research, Craig 
H. Neilsen Foundation, EPSRC, Wings for Life, UK MS Society, Horizon2020, NIHR/MRC and MRC (MR/
S026088/1). Ahmed Toosy receives funding from an MRC grant (MR/S026088/1.
9Scientific RepoRtS |         (2020) 10:3620  | https://doi.org/10.1038/s41598-020-60611-4
www.nature.com/scientificreportswww.nature.com/scientificreports/
Author contributions
T.C. original design, data analysis, drafting of the manuscript. J.D.C. original design, data analysis, critical 
revision. E.P. data analysis, critical revision. C.T. data analysis, critical revision. F.P. data analysis, critical revision. 
B.K. data analysis, critical revision. D.T.C. study conception, data acquisition, critical revision. S.O. data analysis, 
critical revision. CAMGW-K: original design, data analysis, critical revision. A.J.T. original design, data analysis, 
critical revision. A.T.T. original design, data analysis, critical revision.
competing interests
Thalis Charalambous has nothing to disclose. Jonathan D. Clayden has nothing to disclose. Elizabeth Powell has 
nothing to disclose. Ferran Prados is non-clinical Guarantors of Brain fellow. He has also received honoraria 
from Bioclinica Inc. Carmen Tur has received an ECTRIMS post-doctoral research fellowship in 2015. She 
has also received honoraria and support for travelling from Bayer-Schering, Teva, Merck-Serono and Serono 
Foundation, Biogen, Sanofi-Aventis, Novartis, and Ismar Healthcare. Baris Kanber has nothing to disclose. 
Declan Chard has received honoraria (paid to his employer) from Ismar Healthcare NV, Swiss MS Society, 
Excemed (previously Serono Symposia International Foundation), Merck, Bayer and Teva for faculty-led 
education work; Teva for advisory board work; meeting expenses from Merck, MS Trust, National MS Society, 
Novartis, Société des Neurosciences and Teva; and has previously held stock in GlaxoSmithKline. Sebastien 
Ourselin has nothing to disclose. Claudia A.M. Gandini Wheeler-Kingshott has nothing to disclose. Alan J. 
Thompson received honoraria/support for travel for consultancy from Eisai, Excemed, MedDay, support for 
travel from the International Progressive MS Alliance and National MS Society (USA), and an honorarium from 
SAGE Publishers as Editor-in-Chief of MSJ. Ahmed T. Toosy has received speaker honoraria from Biomedia, 
Sereno Symposia International Foundation, Bayer and meeting expenses from Biogen Idec and Novartis 
and is the UK PI for two clinical trials sponsored by MEDDAY pharmaceutical company (MD1003 in optic 
neuropathy [MS-ON] and progressive MS [MS-SPI2]).
Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-60611-4.
Correspondence and requests for materials should be addressed to A.T.T.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020
